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Abstract. We report results of a seismic, gravity, and magnetic survey of the 
Reykjanes Ridge spreading center at 61ø-62øN, about 600 km from the center of 
the Iceland mantle plume. Anomalously shallow water on the ridge crest enabled us 
to record seismic refractions on a 2.4 km hydrophone streamer. The velocity within 
layer 2A is 2.4 + 0.3 kms -1 and its mean thickness i 400 + 100 m The velocity at • ß 
the base of layer 2A is 3.3 4-0.3 kms -1 on the ridge axis, increasing with crustal 
age to •4.0 kms -1 at 1.5 Ma and -,,4.5 kms -1 at 5 Ma. Assuming that seismic 
layer 2A on the ridge axis is also the extrusive layer, i.e., the magnetic source layer, 
we have successfully modeled the variations in amplitude of the magnetic field. The 
best magnetic model includes enhanced magnetization within layer 2A at the sites 
of recent volcanic activity as independently recognized in side-scan sonar data. We 
also present a full crustal seismic model, based on wide-angle seismic recordings on 
digital ocean bottom hydrophones and disposable sonobuoys. The seismic model 
is complemented by gravity modeling, which further suggests that the ridge crest 
is in isostatic equilibrium. The zero age crust is 10.0 km thick, while crust of age 
5 Ma is 7.8 km thick. These crustal thicknesses are greater than those of normal 
oceanic crust, which we attribute to the presence of anomalously hot asthenospheric 
mantle beneath the spreading center. We suggest that the variation in thickness 
between 0 Ma and 5 Ma crust is caused by temporal variation in the plume-fed 
asthenospheric temperature beneath the Reykjanes Ridge. 
1. Oceanic Crust Near the Iceland 
Plume 
The anomalously hot mantle of the Iceland mantle 
plume profoundly affects the formation of oceanic crust 
at the Mid-Atlantic Ridge, causing the spreading cen- 
ter to be subaerial on Iceland and anomalously shal- 
low on the adjacent submarine Reykjanes and Kolbein- 
sey Ridges. We report results from a survey of the 
Reykjanes Ridge collected aboard RRS Charles Dar- 
win cruise CD70 at 61ø-62øN, some 600 km from th.e 
center of the mantle plume. 
Away from fracture zones and mantle plumes, the av- 
erage thickness of oceanic crust is 7.1 4-0.8 km [White 
et al., 1992]. Elevated asthenospheric temperatures be- 
neath the spreading centers around Iceland, however, 
cause decompression melting to start deeper and thus to 
generate thicker crust than at spreading centers under- 
lain by normal temperature mantle [White et al., 1995]. 
Along-axis, the crustal thickness of the Reykjanes Ridge 
decreases and its depth increases away from the plume 
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center, with the axial high near Iceland giving way to a 
median valley south of 59øN [Laughton et al., 1979]. 
Spreading is at a full rate of 20.2 mm yr -1 at 61.5øN 
[DeMets et al., 1990], in a direction 25ø-30 ø oblique 
to the ridge axis normal. Along the ridge, a long- 
wavelength bathymetric swell and associated gravity 
. 
anomaly south of Iceland, and the geochemical signa- 
ture of dredged rock samples [Taylor et al., 1995] are 
indicative of a pulse of anomalously hot asthenospheric 
mantle presently traveling away from Iceland [White 
et al., 1995; White, 1997]. In this study we demon- 
strate that anomalously thick crust has been generated 
by this pulse of hot mantle and suggest that similar 
variations in crustal thickness underlie the V-shaped 
gravity anomaly and topographic lineations that flank 
the Reykjanes Ridge, cutting across the magnetic stripe 
isochrons. These V-shaped ridges were recognized by 
Vogt [1971] and are now understood to record the pas- 
sage of anomalously hot asthenospheric mantle away 
from the plume center [White et al., 1995; White, 1997]. 
As a slow spreading mid-ocean ridge, the Reykjanes 
Ridge is unusual in the absence of transform faults, with 
just one small offset occuring near 58øN [Searle et al., 
1994]. Local segmentation is marked instead by ax- 
ial volcanic ridges (AVRs), which are typically 10-40 
km long and over 100 m high [Searle and Laughton, 
1981; Keeton et al., 1997]. The AVRs generally overlap 
each other by up to 50ø-/0 of their length and exhibit a 
dominant strike of N014øE, intermediate between the 
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spreading orthogonal direction and the ridge azimuth 
of N036øE [Searle and Laughton, 1981; Parson et al., 
!993]. During the AVR building phase, magmatism ac- 
counts for a large part of the plate separation. Subse- 
quently, they may become disaggregated by faulting as 
magmatism decreases, and they are moved away from 
the ridge axis [Mutton and Parson, 1993: Parson et al.. 
1993]. 
The seismic source was a 12-gun, 4666 inch 3 (76.5 L) 
airgun array, xvith a --•100 m shot spacing. The shal- 
low water (-.-800 m) of the spreading axis allowed us 
to record seismic reft'actions from the uppermost crust 
on the 2.4 km hydrophone streamer and hence to de- 
termine the shallow velocity structure of seismic layer 
2A. 
2. CD?0 Reykjanes Ridge Survey 
Multichannel near-normal incidence and wide-angle 
seismic, bathymetric. magnetic, and gravity data were 
collected on CD70. A multibeam bathymetric survey 
over the area was completed subsequently on cruise 
CD87 [Keeton et al., 1997]. The CD70 survey (Figure 1) 
consisted of five intersecting seismic lines, CAM 71- 
CAM 75. CAM 71 lies along the ridge axis, running 
obliquely over several axial volcanic ridges, and CAM 
73 lies parallel to it along magnetic chron 3n (-.-5 Ma) in 
the flee-air gravity low between highs defining the first 
and second V-shaped ridges [Vogt, 1971' White et al., 
1995]. CAM 72, CAM 74, and CAM 75 run orthogo- 
nally to CAM 71, across the ridge axis and out to crust 
of age •7 Ma. 
F•gure 1. CD70 survey location and layout. Positions 
of sonobuoys and digital ocean bottom hydrophones 
(DOBHs) (numbers 11-15) shown as squares and tri- 
angles, respectively, on the seismic lines CAM 71- 
CAM 75. The Reykjanes Ridge axis, running NE-SW 
under CAM 71, is characterized by en echelon axial vol- 
canic ridges shown as shaded areas [from Keeton et al., 
1997] and recently active volcanic systems as solid, sig- 
moidal lines [from Applegate and Shot, 1994]. CAM 73 
is parallel to the axis over 5 Ma crust. Areas discussed 
in the text are lettered A-D. Inset shows survey loca- 
tion and position of lines CAM 71-CAM 74 relative to 
th• V-shaped ridges, superimposed on free-air gravity 
anomaly from Sandwell [1995]. 
3. Upper Crustal Structure 
3.1. Seismic Structure of Layer 2A 
Although originally defined as the shallow, highly 
magnetized layer of the oceanic crust [Talwani et al., 
1971], "layer 2A" is now generally used as a seismologi- 
cal term [Houtz and Ewing, 1976]. Purdy [1987] used 
a fixed ocean bottom hydrophone and charges deto- 
nated near the seafloor to determine seafloor velocity 
of 2.1 kms -• and a velocity gradient of 4 s -• within 
the median valley of the Mid-Atlantic Ridge (MAR) 
at 23øN. Subsequently, there has been little published 
work to date specifically on layer 2A in the Atlantic 
[see Grevemeyer and Weigel, 1996], although there have 
been several studies of the East Pacific Rise (EPR) and 
Juan de Fuca ridge systems [e.g., Kappus et al., 1995]. 
The total thickness of layer 2A is 100-300 m on the EPR 
axis, increasing to double this within 0.5-3 km off-axis. 
Hooft et al. [1996] have developed a stochastic model 
of lava eruptions and dike emplacement which recreates 
the observed thickening of layer 2A. The uppermost ig- 
neous velocity is typically --•2.4 kms -• with a vertical 
velocity gradient of --•1 s -• at the top, increasing with 
depth. 
At spreading rates lower than those of the EPR, there 
is more variability in the thickness of layer 2A. The 
best constrained layer 2A velocity structure on the in- 
termediate spreading rate Juan de Fuca Ridge is for the 
area around 45øN [McDonald et al., 1994]. Their pre- 
ferred average model is again a layer 250 m thick with 
a low vertical velocity gradient from --•2.7 kms -1 at 
the seabed, underlain by a layer with a higher velocity 
gradient aking the velocity to 4.8 kms -• at --•350 m 
below the seafloor. McDonald et al. [1994] report that 
layer 2A shows significant seismic anisotropy (higher 
velocities parallel to the ridge) and that the thickness 
varies between 200 and 550 m nonsystematically with 
respect to the ridge axis. White and Clowes [1990] 
and Cudrak and Clowes [1,993] present models from an 
ocean bottom seismometer efraction survey at 48øN on 
the Juan de Fuca Ridge showing thickness variation of 
layer 2A from 250 to 650 m using a spatially constant 
velocity model- 2.5 km s -• at the seabed, overlying an 
unconstrained vertical velocity gradient of 0.5 s -1. 
We identified txvo distinct refracted phases from the 
uppermost igneous crust on the ridge axis from shot 
gathers recorded on the 2.4 km. 48-channel hydrophone 
streamer. Neither of these two first-arrival phases dis- 
played the concave curvature that would be expected 
from a structure with a seismic velocity which increases 
significantly with depth (Figure 2), although a curving 
phase corresponding to the continuation of the second 
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Figure 2. Examples of CD70 streamer shot gathers, gain linear with range. SG-XXX, shot 
gather number; D, direct wave; R, seabed reflection; P1, seafloor/layer 2A refraction; P2, base 
2A refraction. (a) CAM 71 SG-282, showing the two crustal phases: seafloor efraction and base 
2A refraction; (b) reflectivity synthetic seismic section showing the same phases as in Figure 2a; 
(c) CAM 71 SG-611 showing base 2A refraction from offsets of 1.5 km; and (d) CAM 72 SG-251, 
no base 2A refraction. 
refraction was identified in some of the digital ocean 
bottom hydrophone (DOBH) sections (section 4). We 
have constructed a simple two-layer model of the upper 
crust using straight-line least squares fits to the travel 
times of the two refracted phases. We corrected the ap- 
parent phase velocity for the dip of the seabed between 
the ray entry and exit points on the seafloor for each 
shot. 
A weak first-arrival phase asymptotic to the seabed 
reflection, interpreted as the seafloor refraction (Fig- 
ure 2a), was observed sparsely through the data set. 
We attribute the rarity of this phase to the highly frac- 
tured, vesicular and unconsolidated nature of the young 
volcanic rocks on the ridge axis, which causes the refrac- 
tion to be highly attenuated. 
Where the water depth was less than •1200 m, we 
frequently observed a strong refracted phase as a first 
arrival on up to 20 of the farthest offset traces (Fig- 
ure 2). This phase was not tangential to the seabed 
reflection phase, so was not a refraction which had 
traveled immediately below the seabed. A continuous 
velocity gradient from the seafloor downward, as as- 
sumed by Ewing and Purdy [1982] for the uppermost 
oceanic crust, would not produce the two distinct re- 
fracted phases that we observe; there must be a discon- 
tinuity in the velocity gradient or a first-order velocity 
step to produce two phases with distinct apparent ve- 
locities. 
There is no continuous reflector in the stacked multi- 
channel seismic (MCS) data at the depth that has been 
interpreted as the base of layer 2A from the refraction 
data, although there are hints of events coinciding with 
the expected horizon [Smallwood, 1997]. The absence 
of a base 2A near-normal incidence reflection is not un- 
usual: the same combination of a wide-angle layer 2A 
event without significant energy at near-normal inci- 
dence has been noted in data sets from the MAR and 
the EPR [Christeson et al., 1996]. The absence of a 
near-normal incidence reflection suggests that the base 
of layer 2A is usually gradational or is laterally discon- 
tinuous on the scale of the seismic wavelengths (•50- 
200 m). 
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3.2. Seafloor Refraction Velocity 
The seafloor velocity on CAM 71 ("zero age" crust) 
•s 2.4 4-0.3 kms -• (number of samples, n=16). On the 
across-axis lines CAM 72 and CAM 74. seafloor veloc- 
ities are 2.7 4- 0.1 kms -• (n=9) and 2.5 4- 0.1 kms -• 
(n=21), respectively. In determining these velocities, a 
few soh•tions yielding velocities > 3.1 k•ns -• (close to 
the mean of the base 2A refraction velocity) were dis- 
carded, as these were interpreted as coming from below 
the base of layer 2A rather than representative of the 
velocity above the refractor. 
We attribute these low igneous velocities of 2.4-2.7 
kms -• as due to the presence of fractures and a high 
degree of porosity within layer 2A. Using Carlson and 
Herrick's [1990] velocity-porosity relationship suggests 
that such velocities indicate basalt porosities of about 
60%, although extrapolation outside the data constrain- 
ing their relationship is required to produce this esti- 
mate. 
It might be expected that the seafloor eftaction ve- 
locity would increase as the crust ages [Grevemeyer and 
Weigel, 1996]. However, we find all the seafloor veloci- 
ties to be the same within their error bounds. One pos- 
sible explanation is that although newly erupted vol- 
canics may be at their maximum vesicular porosity, 
subsequent tectonic disruption of the volcanic section 
may increase the bulk porosity or introduce other types 
of fractures, decreasing the seismic velocity. Another 
possible xplanation for the absence of a significant in- 
crease in layer 2A velocity with age is that the rise of the 
seafloor velocity off-axis may be initiated by the sedi- 
mentary sealing of the crustal hydrothermal circulation 
system [Rohr, 1994]. In our area, significant sediment 
accumulation is present only on crust older than 1.2 Ma, 
while our streamer refraction data were only obtained 
from crust younger than 1.2 Ma. 
3.3. A Refraction Model of Layer 2A 
For modeling purposes we assumed that the base of 
layer 2A was locally parallel to the seafloor and assigned 
the mean determined velocity of 2.45 kms -• to layer 
2A. From each gather of picks we determined a veloc- 
ity for the refraction from directly beneath the base of 
2A (hereafter called the base 2A velocity) and layer 2A 
thickness. 
A series of consistent and smoothly varying determi- 
nations of layer 2A thickness vindicated the assumed 
geometry, and Figure 3 shows a final model based on a 
smoothed thickness variation. If there were lateral vari- 
ations in the seismic velocity within layer 2A, then our 
thickness determinations would be correspondingly af- 
fected, with the error on the velocity used (4-0.3 km s- • ) 
giving an approximate rror of 4-50 m on the individual 
layer 2A thickness determinations. 
There is no correlation between the thickness of layer 
2A and the water depth (correlation coefficient r = 
0.02), but a weak correlation between the base 2A 
depth and the base 2A refraction velocity (r - 0.47) 
on CAM 71 suggests that below layer 2A the veloc- 
ity increases with depth. Corrected for seafloor dip, 
the mean base 2A refractor velocity on CAM 71 was 
3.29 4- 0.46 kms -t (n=269, lc). 
With our data it is not possible to rule out a vertical 
velocity gradient within layer 2A, although a disconti- 
nuity in the velocity profile must be maintained at its 
base. Given the paucity of refracted arrivals observed 
from within layer 2A itself, a velocity gradient could 
not be well constrained, but ray trace modeling of in- 
dividual shot gathers suggests that a gradient of up to 
-• 0.5 s- • would still allow the travel time data to be sat- 
isfied. In this case the 2.45 km s -• velocity determined 
from straight-line fits to the seafloor refraction phase 
would likely be an average value from within layer 2A 
and the thickness estimates of layer 2A presented here 
would not change significantly. 
3.4. Layer 2A Seismic Results 
The mean layer 2A thickness along the ridge axis 
(CAM 71) is 400 4- 130 m (n=269, lc). The mean layer 
2A thickness is similar for the across-axis lines (Table 1), 
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Figure 3. CAM 71 layer 2A model, along the ridge axis. Layer 2A is shown in grey, constructed 
assuming a constant velocity of 2.45 km s -•. Individual thickness determinations shown as white 
dots, with layer 2A base drawn as a smoothed line through these points. Vertical exaggeration, 
1:22. Arrows show intersection positions of current volcanic systems with CAM 71. Letters 
indicate areas discussed in text. 
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Table 1. Layer 2A Seismic Observations 
Line Layer 2A Base 2A Refraction n 
--1 Thickness, m Velocity, kms 
CAM 71 398 4- 132 3.29 4- 0.46 269 
CAM 72 378 4- 91 4.03 4- 0.74 178 
CAM 74 387 4- 113 4.13 4- 0.85 133 
CAM 75 376 4- 113 3.87 4- 0.77 237 
The errors given axe lcr. The mean layer 2A thicknesses 
are identical within uncertainty, whereas the base 2A refrac- 
tion velocity is higher off the ridge axis. 
although in both cases the spatial mean may be slightly 
larger than our observations since refractions from be- 
neath a thicker layer 2A are less likely to be observed on 
the 2.4 km streamer. These thicknesses were calculated 
assuming a constant velocity within layer 2A over the 
whole area. If the velocity within layer 2A increases 
with crustal age (which our data have not resolved), 
then the layer 2A thickness must decrease correspond- 
ingly with crustal age. 
The base 2A refraction velocity is higher in the older 
crust than it is along axial line CAM 71, with a trend 
of increasing velocity away from the axis (Figure 4). 
While the base 2A refraction velocity for zero age crust 
is 3.3 4- 0.3 kms -• that for 15 Ma crust is 4.0 4- 0.4 
• ß 
km s- • The rate of increase of velocity with crustal age 
is greater than that reported by Grevemeyer and Weigel 
[1996], who suggest on the basis of a data compilation 
that the evolution of upper crustal velocities with age is 
complete in -• 10 Ma rather than the 40 Ma suggested by 
Houtz and Ewing [1976]. The rate of increase in base 
2A velocity with crustal age found here is, however, 
similar to the rate of increase in layer 2A velocity on 
the Juan de Fuca Ridge which, from stacking velocities, 
was found to rise from 3.0-3.5 kms -• on the axis to 
5.0 kms -• at 1.2 Ma [Rohr, 1994]. 
Streamer refractions were not received where the wa- 
ter depth was greater than 1200 m, away from the 
ridge axis, and therefore direct velocity measurements 
for layer 2A could not be made in these areas. How- 
ever, the CD70 DOBH data from the smallest offsets 
(section 4) yielded a base 2A velocity together with 
an upper-crustal travel time delay. The time delay at- 
tributable to layer 2A decreases by a factor of 4 between 
zero age and 5 Ma crust. With the present data we are, 
unable to resolve the relative contributions of a layer 2A 
velocity increase or a layer 2A thickness decrease to this 
delay time change. A similar decrease in uppe. r crustal 
delay time with age has been noted elsewhere on the 
Reykjanes Ridge [Lilwall et al., 1980; Mochizuki, 1995; 
Sinha et al., 1997], although the geometry of these sur- 
veys was such that it was not possible to isolate the 
contribution of layer 2A specifically. 
As noted above, the streamer refraction data give the 
base 2A refraction velocity for zero age crust as •3.3 
kms-•and that for 1.5 Ma crust as •4.0 kms -•. The 
DO BH data constrain the base 2A velocity at 5 Ma to 
be --•4.5 km s-•. Such an increase in upper crustal veloc- 
ities away from the ridge axis has been widely reported 
[e.g., Greverneyer and Weigel, 1996] and is attributed 
to mineral growth and deposition within the pore space 
[e.g., Wilkens et al., 1991]. 
3.5. Magnetization of the Uppermost Crust 
The extrusive basalts of young oceanic crust typi- 
cally exhibit high magnetic intensity [de Boer, 1975; 
Tivey, 1996], although this may be rapidly reduced as 
titanomagnetite, the primary phase bearing the rema- 
nent magnetization, undergoes low-temperature oxida- 
tion [Klitgord, 1976]. The central anomaly magnetic 
high (CAMH), a short-wavelength anomaly peak found 
over the spreading axis of many mid-ocean ridges, is 
commonly used to infer the area of most recent vol- 
canism on spreading center axes. The CAMH is not 
observed universally; an axial magnetization low within 
the CAMH on the Endeavour Ridge axis of the northern 
Juan de Fuca Ridge is thought to be caused by thinning 
of the magnetic source layer (i.e., the extrusive section) 
[Tivey and Johnson, 1993]. Positive correlations be- 
tween the magnetic source layer and the thickness of 
seismic layer 2A have also been reported from the Cleft 
and Vance segments of the southern Juan de Fuca Ridge 
[Tivey and Johnson, 1993; Tivey, 1994], and from the 
EPR. 
Gee and Kent [1994] suggest a resolution of the para- 
dox between the oil-axis thickening of seismic layer 2A 
on the EPR and the presence of a CAMH: the alteration 
process causing magnetization to decay occurs over as 
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Figure 4. Base 2A refractor velocity, v, across the 
ridge axis for (a) CAM 72; (b) CAM 75; and (c) 
CAM 74. Points show the velocities corrected for 
seafloor dip. Large dot in center of each plot is the 
mean velocity for CAM 71, with a 2a bar. Data are 
scattered but show an increase in refractor velocity with 
mean crustal age, particularly CAM 72 NW, CAM 75 
SE, and CAM 74 NW. 
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Figure 5. CAM 71 magnetic models. Top section of each box shows observed (thick) and 
modeled (thin) magnetic anomaly. Bottom section shows layer 2A model. (a) Constant thickness 
source layer, magnetization 25 A m-•; (b) using seismically determined layer 2A as magnetic 
source layer, constant magnetization, 25Am -•' amplitude variations are fairly well matched 
except at 60-65 km; (c) same thickness model but variable magnetization (shown below). Arrows 
show intersection positions of current volcanic systems with CAM 71. These match the areas 
of increased magnetization. Dashed lines show the intersection of CAM 71 with (left to right) 
CAM 72, CAM 75 and CAM 74. 
little as -•20,000 years so that the magnetization high 
has a width comparable to the thin source layer at the 
ridge axis. A time constant that is an order of magni- 
tude larger has been estimated from near-bottom ag- 
netic profiles and studies of paleomagnetic samples on 
the MAR [Pariso et al., 1996]. 
In addition to low-temperature oxidation and layer 
thickness variation, another factor that affects the ob- 
served magnetic anomaly is the composition ofthe up- 
permost crust. High Fe-Ti basalts are highly magnetic, 
and these have been correlated with areas of high mag- 
netization on a segment scale on the southern MAR 
[Weiland et al., 1996] and at 9øN on the EPR [Semp•r•, 
1991; Lee et al., 1996]. 
3.6. Magnetization Along CAM 71 
The base of layer 2A is commonly interpreted as a 
porosity boundary [Whitmarsh, 1987; Harding et al., 
1989; Rohr, 1994]. Furthermore, in young (<l Ma) 
oceanic rust on fast spreading ridges, the wide-angle 
seismic reflections from the steep velocity gradient at 
the base of layer 2A are widely interpreted as originat- 
ing from the extrusive/sheeted ike contact. We there- 
fore use our seismic layer 2A model along the ridge axis 
to examine the effect of a variable thickness magnetic 
source layer, assuming that seismic layer 2A is equiva- 
lent to the extrusive section. 
We here model just the zero age profile, along the 
spreading axis (CAM 71), thus avoiding complications 
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due to the magnetic anomaly caused by magnetic rever- 
sals, by age-related changes in remanent and induced 
magnetization, by variations in spreading history, and 
by the detailed geometry of crustal accretion. The 
CAMH in the CD70 area shows large-amplitude varia- 
tions along strike, which are likely to be at least partly 
due to variations in the source layer thickness. 
If the magnetic layer is assumed to have a constant 
thickness of 400 m and a constant magnetization, the 
predicted magnetic anomaly does not match the ob- 
served anomaly (Figure 5a). Therefore there must be 
a variation in layer thickness and/or magnetization to 
match the variations in the data. When we use seismic 
layer 2A along CAM 71 to define the thickness vari- 
ations in the magnetic source layer but maintain the 
same constant magnetization of 25 Am -• the model 
produces a magnetic anomaly variation Which repro- 
duces the observed variations of amplitude and has an 
RMS misfit of 530 nT (Figure 5b). 
In the preliminary models, we chose a constant mag- 
netization of 25 A m-1 based on natural remanent mag- 
netization (NRM) measurements from Reykjanes Ridge 
samples of 10-60 Am -1 from 61øto 62øN [de Boer, 
1975], and a mean of 18.8 + 12.5 Am -• from slightly 
farther north [$ernpdrd et al., 1990]. However, weath- 
ering may reduce the magnetization [Gee and Kent, 
1994]. while increased fractionation at crustal levels 
may increase the magnetization [$ernpdrd, 1991]. We 
therefore show a third model allowing variable mag- 
netization within layer 2A which improves the fit fur- 
ther (Figure 5c). The magnetization within layer 2A 
was estimated by first running a constant layer thick- 
ness inversion for magnetization [Parker and Heustis, 
1974] and then scaling this value by the thickness of 
the model layer 2A along the line. This forward model 
magnetization distribution gives a magnetic anomaly 
that ma•ches all the main features of t, he data and has 
a much improved RMS misfit of 250 nT (Figure 5c). 
Tests with constant layer-thickness models uggested 
that the three dimensionality of the seafloor topography 
could affect the magnetization solution by up to--,10 %. 
Given these possible effects of three-dimensionality in 
the structure, and the uncertainties in the layer 2A 
thickness, further refinement of the magnetisation dis- 
tribution model would have rather limited value. In this 
model we did not include any annihilator (a magnetiza- 
tion distribution that produces no external field), as for 
this along-axis line the technique of adding annihilator 
to balance magnetization amplitudes at known reversal 
boundaries could not be applied. Instead, the magneti- 
zation solution was offset by a DC level to minimize the 
misfit in the field. The solution we present in Figure 5c 
is not the only magnetization distribution that could fit 
the data, as magnetic inversion is inherently nonunique, 
although it perhaps represents the most plausible situ- 
ation. 
The areas of enhanced magnetization correspond to 
the points at which the current volcanic systems identi- 
fied from backscatter data in the neovolcanic axis (Fig- 
ure 1) intersect CAM 71 (arrows, Figure 5c). It is likely 
that the areas of particularly high magnetization are the 
areas in which volcanic activity has been most recent. 
Our successful modeling of the observed magnetic field 
using the seismically measured layer 2A as a magnetic 
source layer and the correlation between areas of en- 
hanced magnetization with regions of recent eruptive 
activity support our assumption of the equivalence be- 
tween seismic layer 2A and the extrusive layer. This 
correlation is widely accepted for the young crust on 
the EPR, but this is the first meaningful report of such 
a correlation on the MAR. 
Having established by the magnetic modeling that 
seismic layer 2A is likely to be coincident with the vol- 
canics along the ridge axis, we now return to discuss 
the observed thickness variations of layer 2A along the 
ridge axis. It exhibits a fairly constant thickness along 
the northeastern part of CAM 71 (Figure 3). At 60 
km the base of layer 2A fingers up, perhaps indicating 
a bulk of intrusive rocks associated with dikes feeding 
the eruptive fissure that is shown by backscatter data 
[Apple.qate and Shot, 1994] to run along [he axis of the 
overlying AVR (area A, Figures 1 and 3). layer 2A 
thickness increases to its maximum constrained thick- 
ness of •600 m at a distance of 45-55 km, flanking the 
largest AVR in the survey region (area B. Figures 1 
and 3). Between 20-40 km, layer 2A has below average 
thickness. The thin region is associated with a narrow 
AVR that barely intersects CAM 71 (area C, Figures 1 
and 3), having a poorly defined recently active volcanic 
system with little recent extrusive activity. Centered on 
20 km distance is a graben, xvhere an AVR has recently 
been rifted into two halves (area D, Figures 1 and 3), 
the active volcanic vent being still active or reinvigo- 
rated within the graben. The layer 2A thickness deter- 
minations here are (:onsistent with an ex•rusive graben 
fill being dropped down by normal faults on each side. 
4. Crustal Wide-Angle Seismic Data 
We modeled the crustal structure along the four seis- 
mic profiles using data recorded on five DOBHs and 
five disposable sonobuoys. Crustal models were con- 
strained by travel time forward and inverse model- 
ing and synthetic seismogram forward modeling and 
were confirmed by gravity modeling. The disposable 
sonobuoys recorded upper crustal phases to offsets up to 
20 km. We used Bruguier and Minshull's [1997] method 
to cope with sonobuoy drift in the modeling. 
Four of the DOBHs each recorded two orthogonal 
seismic lines and were located near the intersection of 
these lines. The fifth instrument, DOBH 11, recorded 
only a single line. There were therefore nine seismic 
sections (Figures 6-9). 
4.1. DOBH Data and Travel Time Picks 
The data recordings from the five DOBHs are dis- 
cussed in sections 4.1.1-4.1.4 according to seismic line, 
CAM 71-CAM 74 (Figure 1). Sample synthetic seismo- 
gram sections are plotted adjacent to their correspond- 
ing data sections (Figures 6-9). Several of the sections 
exhibit strong receiver seafloor multiples of the ground 
waves. 
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Figure 7. CAM 72 crustal modeling. Seismic data are scaled linearly with range and are zero 
phase filtered at 5-•13 Hz. Position of ridge axis is indicated. (a) DOBH 14 data with model 
travel times; (b) DOBH 15 data with model travel limes; the travel time curve'paralleling the 
first arrivals at offsets below 20 km is for an $ wave converted at the midcrustal interface, with 
vp/vs=l.81; (c) DOBH 15 synthetic seismograms; (d) CAM 72 ray tracing through crustal veloc- 
ity model; (e) CAM 72 crustal velocity model, selected velocity contours annotated inkms -•. 
of-55 km on DOBH 14. The furthest offset arrivals 
on both DOBHs are interpreted as the Moho reflection, 
ProP, arriving almost concurrently with, but just be- 
hind, the crustal diving phase Pa. At smaller offsets, 
Prop is present -•0.5 s behind the primary at -•25 km 
offset and becomes indistinguishable frown Pa at -•45 km 
offset. Converted shear phases are not clear on either 
of these ridge axis sections, in contrast to the off-axis 
profiles. 
4.1.2. CAM -72 (Figure -7). Both DOBHs recor- 
ded arrivals almost from end to end Of the 76 km line. 
When the source was over sedimented areas, converted 
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Figure 8. CAM 73 crustal modeling. Seismic data are scaled linearly with range and are zero 
phase filtered at 5-13 Hz. (a) DOBH 12 data with model travel times; (b) DOBH 11 data with 
model travel times; (c) DOBH 15 data with model travel times; (d) CAM 73 raytracing through 
crustal velocity model; (e) CAM 73 crustal velocity model, selected velocity contours annotated 
in km s -• . 
shear waves were recorded on DOBH 15, which was de- 
ployed on sediment, in contrast to DOBH 14, which sat 
directly on igneous acoustic basement. ¾Ve interpret an 
arrival paralleling the first arrival at offsets below 20 km 
on DOBH 15 to be a shear wave converted at the mid- 
crustal interface. On both DOBHs, the P•P phase is 
recorded behind the crustal diving phase, with an am- 
plitude comparable to the first arrival, from offsets of 
-•22 km, until the phases merge beyond 40 km. The 
P•P phase is particularly clear in the multiple. 
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FJõure 9. CAM 74 crustal modelinõ. Seismic data are scaled linearly with ranõe and are •ero 
ph•e filtered at 5-;[3 H•. Position of fidõe a•is is indicated. (a) DOBH ;[3 data with mode] 
travel times; lb) DOBH :[2 data with mode] travel times;/c) DOBH :[2 synthetic seismoõrams; 
C^• 74 myt•ci•õ through cmsm! velocity mode]; /e) CA• 74 crustal velocity mode], selected 
velocity contours annotated in km s -z. 
4.1.3. CAM 73 (Figure 8). The three record 
sections parallel to the ridge axis are of similar charac- 
ter, each showing crustal phases to offsets of -•40 km 
and a less distinct PmP reflection than the other lines. 
A reflected phase cutting across crustal turning phases 
on DOBH 15 (-•-25 kin) and DOBH 12 (-•-30 kin) is 
tentatively interpreted as P,•P, although this was not 
picked for travel time modeling. We attribute the in- 
distinct character of the P• P reflection to the presence 
of a smaller impedance contrast across the Moho than 
on the other lines. 
4.1.4. CAM 74 (Figure 9). As on CAM 72, the 
5196 SMALLWOOD AND WHITE: CRUSTAL ACCRETION AT REYKJANES RIDGE 
Table 2. CD70 Wide-Angle Travel Time Fits 
2 Line Total Traced RMS Misfit, X 
Picks Rays ms 
CAM 71 1115 1107 57 0.78 
CAM 72 1278 1243 52 0.64 
CAM 73 2286 2280 46 0.44 
CAM 74 1697 1671 57 0.66 
topography of the ridge affects the apparent velocities 
observed on CAM 74. DOBH 12 recorded ?,•? at-30 
to-35 km. DOBH 13 recorded crustal diving rays P9 
out to the end of the line beyond 60 km range. Prop 
merges with P9 at offsets around 40 km. 
4.2. Travel Time Modeling 
For each line, a velocity model was set up using water 
depths from the echo sounder measurements and sed- 
iment thickness from the stacked M CS sections. The 
upper crustal structure deduced from the streamer data 
was included where available. With two DOBHs on 
each line which recorded arrivals to significant offsets, 
supplemented by upper crustal arrivals recorded by the 
sonobuoys, reversed ray coverage was achieved for at 
least the portion of each line between the DO BH posi- 
tions (Figure 1). 
The wide-angle seismic travel time picks from the 
sonobuoys and DOBHs were modeled using Zelt and 
$mith's [1992] algorithm applied to a two-dimensional 
model of the crustal ? wave velocity structure. We built 
the model from the top downward, using the minimum 
structure that would satisfy the data within the esti- 
mated travel time uncertainties. 
The first-arrival travel time data were initially broadly 
satisfied by a model typical of oceanic crust, if slightly 
thicker: an upper crustal layer with a high vertical ve- 
locity gradient (--•0.5-1.0 s -1) and a lower crustal ayer 
with a lower velocity gradient (--•0.1 s-I). Increasing 
2-D structure was introduced as forward and inverse 
travel time modeling was continued simultaneously for 
velocity and interface depth until the travel time data 
were satisfied; that is, the •2 measure and the RMS mis- 
fit were reduced as much as possible within the model 
parameterization (Table 2). The modeling was carried 
out as four separate lines rather than simultaneously 
on all four intersecting lines for three main reasons. 
First, any velocity anisotropy between the ridge-parallel 
and ridge-perpendicular lines would go undetected and 
would reduce the validity of the models. Second, since 
the lines intersected at the same position as the DOBHs, 
the resolution on velocity nodes beneath each DOBH is 
rather lower than that for nodes between the DOBHs at 
midcrustal and lower crustal depths. Third, a narrow 
velocity anomaly at the ridge axis, for instance, would 
pull the velocities on the crosslines away from a better 
broad model. 
4.3. Synthetic Seismograms 
We calculated synthetic seismograms using an asymp- 
totic ray theory code TRAMP [Zelt and Ellis, 1988]. In- 
clusion of an additional, midcrustal layer in the model 
allowed a smoother decrease in amplitude with offset 
(Figure 6b) and allowed fitting of second arrival crustal 
phases (Figure 9b). 
The P,•P reflected phase is present in the majority 
of the data sections. Although this phase is coherent, 
its amplitude is mostly below the threshold required for 
picking. However, an excellent agreement is apparent 
when calculated model travel times are overlaid on data 
from which picks were not made. The validity of the 
Moho position is thus confirmed. The sub-Moho veloc- 
ity is not constrained by the travel time modeling since 
a mantle refracted or turning phase was not observed 
unambiguously in any of the data, perhaps due to an 
extremely low velocity gradient in the mantle or a high 
level of attenuation in the mantle. Synthetic seismo- 
grams were therefore computed to estimate the mantle 
velocity. A velocity of 7.8-t-0.2 kms -• (i.e., an increase 
in velocity of •0.5 kms -• across the Moho) provided 
synthetic seismograms that gave, qualitatively. a good 
match for the extent and amplitude of ?,•?. 
4.4. Uncertainty of Model Parameters 
The uncertainty of the parameters was estimated by 
perturbing the velocities and depths in the model un- 
til the fit to the data was statistically degraded [Zelt 
and Smith, 1992]. For CAM 71, for example, this 
method suggests that the uncertainty on the Moho 
depth is -t-0.25 km based on the degradation of the fit 
to the Pr•P phase only. Lower crustal velocities above 
7 km s -• are not sampled irectly by turning phases on 
CAM 71 (Figure 6d), although such velocities are sam- 
pled on other lines. The preferred CAM 71 model is 
based on extrapolation of the velocity gradient to the 
Prop reflector. If, alternatively, the velocity gradient 
decreases, then the depth to the reflector shallows by 
up to 0.1 km (ibr 7 k•ns -• continued to the .•[oho). A 
similar uncertainty should perhaps be included for the 
possibility of an incr(•ase in velociW gradient, leaving 
the final estimated uncertainty as -1-0.5 km. 
In conclusion, in the regions of the model that are 
constrained by ray coverage (see Figures 6-9), esti- 
mated errors on velocity are -1-0.3 km s -• in the upper 
crust, -1-0.2 kms -• for the midcrust, from which the 
bulk of picked arrivals turn, and -1-0.3 kms -• for the 
lower crust. Estimated errors on the depth of the mid- 
crustal interfaces are -1-0.4 km, and estimated errors on 
the Moho depth are -t-0.5 km. 
5. Gravity Modeling 
The mean velocities for each layer of the crust in our 
seismic models were converted to densities using Carl- 
son and Herrick's [1990] relationships, except for layer 
2A, where the velocities fall well beneath the region 
SMALLWOOD AND WHITE' CRUSTAL ACCRETION AT REYKJANES RIDGE 5197 
Table 3. Parameters of the Mantle Thermal Model 
Parameter Value 
Spreading rate, mm yr -• 10.0 
Thermal diffusivity n, m 2 s -• 10 -6 
Mantle reference density (STP), Mg m-3 3.30 
Thermal expansion coefficient c•, øC- • 3 x 10 -5 
Potential temperature of asthenosphere, ø C 1350 
Temperature at base of lithosphere, ø C 1100 
constrained by Carlson and Herrick [1990]. A density 
of 2.4 Mgm -3 was assigned to layer 2A, using results 
from the EPR [Stevenson and Hildebrand, 1994]. 
A good fit between observed and modeled gravity as- 
suming a two-dimensional structure along each of the 
profiles is obtained without any modification to the 
crustal structure derived from seismics (Figure 1). The 
short-wavelength misfits of a few milliGals may be as- 
cribed to out-of-plane seafloor and layer 2A topography 
or to local density variations, particularly in the upper 
crust. There is sui•cient scatter inthe velocity-density E 5o 
relationship to allow these small variations to be fitted • 25 
perfectly within the density uncertainties if so desired. 
o o 
At spreading centers it is necessary to remove the 
effect of the age-dependent hermal (and hence den- -25 
sity) structure of the lithosphere. We use a half-space • lO 
lithosphere cooling model to calculate the gravitational 
contribution from first-order thermally caused ensity 
variations and add this to the gravity signal from the • o 
seismically determined crustal model. We assume that 
the top 2 km of the crust are effectively quenched at the •- -lO 
ridge axis by hydrothermal circulation and therefore do 75 
not give a time-varying gravity signal. Parameters used 
in the half-space cooling model are shown i  Table 3. • so 
The asthenospheric temperature of 1350øC was chosen 
-- 25 
to produce 9.5 km of igneous crust on decompression 
melting [from Bown and White, 1994] In the iraroe- o o ß 
diate vicinity of the ridge crest the half-space cooling 
-25 
model isotherms were adjusted by imposing a conduc- 
tive temperature gradient through the lower part of the 
crust (2-11 km depth) in accordance with the obser- 
vation of a brittle crust to 7-8 km depth at the axis • o 
[Mochizuki, 1995]. The shape of the gravity contribu- 
tion resulting from the lithosphere cooling is insensitive 
ta -lo 
to reasonable changes in the mantle thermal parame- 
ters' a 10% change in any of these parameters only 
changes the gravity curve by a few milliGals over 60 kin. 
Along and parallel to the ridge axis the gravity field 
shows only minor variations within the survey area (Fig- 
ure I inset). Although the crustal thickness is only con- 
strained seismically in the center of the seismic lines, 
the fit to the gravity data supports the assumption of 
a constant thickness crust parallel to the ridge axis. 
The residual mantle bouguer gravity anomaly along the 
Reykjanes Ridge does not show the "bull's eye" pat- 
tern reported from some other slow spreading ridges 
but has a smooth character. An explanation for the ab- 
sence of along-axis crustal thickness variations is that 
the anomalously large thickness of oceanic crust causes 
the lower section to lie in the ductile regime; thus any 
crustal thickness variations that would otherwise be 
frozen in at the spreading center are removed by lower 
crustal flow [Bell and Buck, 1992]. 
The isostatic balance (Figures 10b and 10d) shows 
that the topography of the elevated ridge axis, with its 
thickened crust, can be supported by the mass deficit in 
the mantle suggested by the simple lithospheric thick- 
ening model. The residual pressure at a depth below 
the base of the lithosphere is smaller than 5 MPa. The 
model presented here does not require that the axial 
high is supported by the strength of the lithosphere, al- 
though a small flexural topographic and gravity "moat" 
edging the axial high is expressed in Figure 10 as a small 
negative excursion below the isostatic equilibrium line. 
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Figure 10. Gravity models and isostatic balance. 
Mean upper and lower crustal densities converted from 
best fitting seismic models using Carlson and Herrick's 
[1990] velocity-density relations (see text). (a) CAM 72 
observed and modeled free-air gravity, with and with- 
out mantle thermal contribution; (b) isostatic pressure 
variation, arbitrary zero level; (c) CAM 74 observed 
and modeled free-air gravity, with and without mantle 
thermal contribution; (d) isostatic pressure variation, 
arbitrary zero level. 
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Figure 11. CAM 71 and CAM 73 average 1-D velocity-depth models. The combination of 
temporal changes in crustal velocity structure leaves older crust with a vertical velocity gradient 
that is more uniform through the crust than that at the spreading center. See text for discussion. 
(a) Zero level at sealevel; (b) zero level at top igneous crust. 
In conclusion, the gravity modeling provides support 
for the across-axis crustal thickness variation postulated 
from the seismic modeling, does not require crustal 
thickness variations parallel to the ridge axis and sug- 
gests that the axial high is supported isostatically. 
6. Discussion of Crustal Models 
The velocity structures of 0 and 5 Ma crust are dis- 
tinctly different, as shown by average velocity-depth 
profiles from CAM 71 and CAM 73 (Figure 11). A 
major difference is that the seismic velocity of 5 Ma 
crust is higher at all depths through the model than 
the velocity at the ridge axis. The steep (•1 s -•) ver- 
tical velocity gradient of the upper crust is character- 
istic of oceanic crust and can be understood in terms 
of increasing closure of cracks as lithostatic pressure in- 
creases with depth. In the upper crust the increase 
in velocity with age is probably caused by the infilling 
of pores and cracks by precipitation of hydrothermal 
minerals. However, the agreement between laboratory 
and seismic measurements of gabbro velocities [Carlson 
and Miller, 1997], and the low vertical velocity gradi- 
ent in the lower crust, suggests that porosity is low in 
the lower crust. Thereibre porosity changes are unlikely 
to cause the velocity change that we observe. A more 
likely cause is that higher temperatures at the ridge axis 
reduce seismic velocities. In the absence of a magma 
chamber, the thinner lithosphere at the ridge axis will 
have a higher conductive temperature gradient than the 
older off-axis lithosphere. Estimating the lithospheric 
thickness increase to be •25 km over 5 Myr and ex- 
trapolating a conductive gradient downward from the 
base of the seismogenic layer to the base of the crust 
at the ridge axis suggests a difference in temperature 
of more than 500øC between the base of the crust at 0 
and 5 Ma. Velocity-temperature relations from Murase 
and McBirney [1973] and Khitarov et al. [1983] predict 
that this temperature difference might cause a differ- 
ence in P wave velocity of •0.5 km s -• at the base of 
the crust, decreasing upward. Our observations are of 
the right order of magnitude (Figure 11), falling within 
the uncertainties of the laboratory results. We therefore 
infer that a temperature effect is the likely explanation 
for the velocity differences observed in the lower part of 
the velocity models. A similar increase in lower crustal 
velocity with age is reported by Bunch and Kennett 
[1980]. 
Another difference is that the crustal thickness de- 
creases from 10.0 km on the ridge axis to 7.8 km on 
5 Ma crust. The change in crustal thickness of 2.2 km 
has an uncertainty of about +1 km. Assuming that the 
igneous crust is generated by decompression melting of 
passively upwelling mantle beneath the spreading axis, 
such a change in crustal thickness would be produced by 
a change in mantle temperature of about 35øC [Bown 
and White, 1994]. There is evidence that a pulse of hot 
asthenospheric mantle has migrated southward through 
the CD70 area from bathymetry [Mutton and Parson, 
1993; Keeton et al., 1997], from seamount distribution 
[Magde and Smith, 1995], from the petrology of dredged 
rocks [Taylor et al., 1995], and from rare earth element 
inversions [White et al., 1995]. Our seismic results sup- 
port the thesis that the crustal thickness change is due 
to a change in mantle temperature. 
Profile CAM 73, over 5 Ma crust, lies in the grav- 
ity and bathymetry low between the present axis and 
the first V-shaped ridge. We conclude that it is likely 
that thickened crust is present beneath all the V-shaped 
ridges and that these record variations of around +30øC 
in the temperature of the mantle fed southward beneath 
the Reykjanes Ridge from the Iceland mantle plume 
[White et al., 1995; White, 1997]. 
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The 10 km thick igneous crust currently being formed 
on the ridge axis falls within a trend of decreasing thick- 
ness southward along the Reykjanes Ridge away from 
the Iceland plume [Smallwood et al., 1995]. If the melt is 
generated by passive mantle decompression, the man- 
tle potential temperature in the CD70 survey area is 
1360øC [Bown and White, 1994]: this too falls in a pat- 
tern of abnormally hot mantle introduced by the flow 
field associated witl• the Iceland mantle plume [White 
et al., 1995; White, 1997]. 
We do not find any evidence for a crustal magma 
chamber in our survey area, in common with the great 
majority of other seismic surveys over slow spreading 
ridge axes. The only well-documented slow spreading 
ridge magma chamber to date is from farther south on 
the Reykjanes Ridge at 57ø43'N [Sinha et al., 1997]. 
Thermal estimates suggest that a magma body such 
as that discovered at 57ø43'N, while containing enough 
magma to form 20,000 years worth of crust, will freeze 
in about 1000 years. If it is valid to extend this esti- 
mate spatially, then it is reasonable to expect to find an 
extant magma chamber under only 1 in 20 AVRs. The 
absence of a magma chamber in the CD70 area is thus 
not surprising. 
The crust is 10.0 km thick on the ridge axis and 
thins to 7.8 km at an age of 5 Ma. We attribute the 
change in crustal thickness to a temporal change in as- 
t, henospheric temperature beneath the spreading center: 
passive upwelling of mantle with a potential tempera- 
ture of 1360øC produces 10.0 km of crust by decom- 
pression melting, while a mantle potential temperature 
of 1325øC will yield 7.8 km. We postulate that some- 
what thickened crust is present beneath the gravity and 
bathymetric highs of the V-shaped ridges that flank the 
Reykjanes Ridge axis. 
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7. Summary and Conclusions 
Thickness variations of seismic layer 2A have been 
determined using streamer refraction travel time mod- 
eling where the water depth is less than ,--1200 m. 
The mean velocity and thickness of layer 2A are 2.4 4- 
0.3 kms-•and 400 4- 100 m, respectively. The seismic 
velocity at the base of layer 2A averages 3.34-0.3 km s -• 
on the ridge axis, increasing with age to ,--4.0 kms -• 
at 1.5 Ma and to ,,-4.5 kms -• at 5 Ma. An off-axis 
decrease in delay time through the upper crust is ob- 
served on the DOBHs, suggesting either that the veloc- 
ity within layer 2A roughly doubles in 5 Myr or, more 
likely, that there is an increase in velocity and a decrease 
in layer thickness. 
Along the spreading axis, the signature of a mag- 
netic layer corresponding to the seismically measured 
layer 2A provides a good match to magnetic anomaly 
data, particularly when magnetization within the layer 
is enhanced at the sites of the most recent volcanism. 
We therefore suggest hat seismically measured layer 2A 
is coincident with the extrusive layer on the youngest 
oceanic crust. 
The crustal velocity structure at 61ø-62øN on the 
Reykjanes Ridge is generally typical of oceanic crust, 
although the crust is anomalously thick, which we at- 
tribute to the presence of anomalously hot astheno- 
spheric mantle beneath the spreading center. Upper 
crustal velocities increase with crustal age, which we 
attribute to precipitation of hydrothermal minerals in 
the pore-space. Lower velocities on the ridge axis than 
in 5 Ma crust, particularly in the lower crust, are at- 
tributed to higher axial crustal temperatures: there is 
no evidence for a crustal melt body in the CD70 area. 
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